The aim of this study was a comparative analysis of static shear strength of single-lap adhesive joints of 316L steel adherends, measured prior to and after mechanical treatment with a P320 grit coated abrasive tool. The study was of comparative nature and focused on adhesive joints subjected to thermal cycling. The tests were carried out on joints bonded with Epidian 5 and Epidian 6 epoxy adhesives hardened with Z1 and PAC curing agents. The static shear strength tests results of single-lap adhesive joints were analysed with regard to different surface treatment variants. The scope of tests covered a relatively short fatigue cycle, i.e. 200 cycles in the range of temperatures between -40 o C and +60 o C. This paper includes the surface free energy and selected surface roughness parameters of substrates and images showing the surface of adherends before and after mechanical treatment with P320 grit coated abrasive tool.
INTRODUCTION
Performance of an adhesive joint depends on several factors with proper selection of an adhesive and suitable treatment of adhered surfaces. In order for the selection of adhesive and surface treatment to be considered correct, it must not only account for the properties of substrates but for the future operating conditions of a given adhesive joint. This is dictated by the fact that a number of physical, chemical and biological factors affect joint strength. One of such negative factors is the changing thermal stress. Prolonged exposition to thermal loading leads to degradation of adhesive and might result in thermal fatigue.
Thermal fatigue of adhesive bonded joints is a result of cyclic thermal loading over time and leads to undesirable decrease of strength and expected life of joints, and consequently to abrupt joint failure process at maximum stress whose value is lower than joint static strength [1] .
Prolonged operation of adhesive joints affects the cohesive strength of joints as a result of occurring ageing processes, which are strictly connected with environmental impact on the joint.
It is also possible to produce hybrid joints that combine adhesive bonding with traditional joining methods, such as pressure welding or riveting [2] .
Adhesive layer as a polymer material is a cross-linked system, which under long-term operation acquires viscoelastic properties. Characteristically weak cross-linking of polymers creates "free spaces" in the molecule, whereas their viscoelasticity is responsible for a number of phenomena, including time dependence between stress and strain, which also include strain changes as a result of constant loading or creep behaviour of adhesives.
Cyclic thermal loading consist in changing thermal conditions of the environment where a given adhesive joint is located. The character of such changes can be cyclic or random. In the case of abrupt changes in temperature values, particularly when the temperature gradient is significantly high, the phenomenon is referred to as "thermal shock." Joints subjected to thermal cy-cling are found in such industries as aircraft, automotive, machine building industries, as well as in medicine or electronic industry.
Temperature is of high impact on the strength of adhesive joints [3] . The change in ambient temperature amounting to several dozen centigrade, although of no effect on the properties of metals, can, however, significantly affect properties of high-molecular materials, such as structural adhesives. Cyclic thermal loading has a two-fold effect on adhesive bonded joints: first, they introduce thermal strain to the system and, secondly, alter the mechanical properties of adhesives [4] .
The stages of designing and formation of adhesive joints must include proper surface treatment for the adhesive bonding technology [5] [6] [7] [8] [9] [10] .
The principal aim of this study was to evaluate the response of adhesive lap joint strength to thermal fatigue.
RESEARCH METHODOLOGY
The dimensions of samples used in adhesive bonding were 25×100×1.5 mm and the specimens were made of 316L steel. In order to produce the desired surface texture and remove the physisorption layer, a part of the investigated samples was mechanically processed with a coated abrasive tool (grain P320) for 30 seconds. All samples were cleaned three times using Loctite 7061 degreaser and cleaning cloth. After the last application of Loctite 7061 the samples were allowed to dry. Table 1 shows the chemical composition of 316L steel. The table was prepared on the basis of the material certificate (refer with: Table 1 ). Table 2 shows selected properties of 316L steel -based on the material certificate (refer with: Table 2 ).
The substrate material selected for the study was the 316L steel. The tested single lap adhesive joint specimens were of the following dimensions: adhesive layer thickness g k = 0,05 mm and overlap length l z = 12,5 mm.
The tests were carried out for the following four epoxy adhesive compositions: Epidian 5 + 10% of Z1 curing agent (triethylenetetramine), Epidian 6 + 10% Z1, Epidian 5 + 100% PAC curing agent and Epidian 6 + 100% PAC. Joint curing conditions were specified in all tests: cure temperature 21-22 °C, relative humidity 35-40%, load applied during curing 0,2 MPa and cure time of 120 hours.
200 cycles (thermal shocks) were conducted in thermal shock chamber. The minimum temperature was set to -40°C and the maximum temperature was +60°C. The conditioning time of the samples at each temperature level was 15 minutes, excluding the time needed for temperature to stabilise.
Goniometer PGX was used to measure the contact angle on the investigated surfaces of 316L steel and to measure the values of the surface free energy (SFE). The liquids used to measure the contact angle were automatically applied on the tested surfaces by the goniometer mechanism as 4 µl (constant volume) drops. Measurements of the contact angle with both distilled water and diiodomethane were repeated minimum 10 times for each tested specimen.
Surface roughness of substrate material was measured with Hommel-Etamic 3D T8000 RC-120-400 roughness, contour and topography measuring system equipped with a 2 µm probe. The collected data was analysed with TURBO WAVE software.
Visual images of the substrate surface of 316L steel prior to and after mechanical surface treatment were obtained from Keyence VHX-5000 microscope.
Shear strength tests of single-lap adhesive joints were performed on Zwick/Roell Z 150 materials testing machine, in accordance with DIN EN 1465. The crosshead speed in the destructive test was 2 mm/minute with 85 mm distance between holding fixtures in initial position. The first phase of the experiment was preliminary tests. The number of necessary measurements in the main tests was defined on the basis of the scatter analysis and assumed materiality level [11] . The number of measurements was derived from the following formula (refer with: Eq. 1): (1) where: n 0 -initial sample size, t α -value of t-Student variable, s 2 -initial sample variance, d -maximum error of the estimate, equals maximum measurement error.
The variance was defined on the basis of the following equation (refer with: Eq. 2): (2) where: yi -output factor value obtained in measurement no. "i", ȳ -arithmetic mean, ntotal number of measurements. A comparative analysis is usually conducted as a part of experimental tests, which means that, for the assumed materiality level, we examine whether the obtained mean values of the dependent variable in two populations differ significantly. The first phase in verifying the hypothesis of equal means requires verifying the hypothesis of homogeneity of variance. The null hypothesis has the following form (refer with: Eq. 3):
The alternative hypothesis has the following form (refer with: Eq. 4):
Statistics based on Fischer-Snedecor distribution was used for verification of the hypothesis (refer with: Eq. 5): (5) where: S 
The alternative hypothesis has the following form (refer with: Eq. 7):
If the variances are equal, the test based on the t-Student distribution is performed in the verification process (refer with: Eq. 8).
(8)
If the verification of the hypothesis of homogeneity of variance indicates that the variances are not equal, the Cochran-Cox test is performed in the verification process (refer with: Eq. 9).
(9)
Based on the performed statistical analysis, it is possible to formulate firm conclusions about equality of means and hence about the importance of a given factor/-s at the assumed materiality level. Table 3 shows mean values of 316L steel surface free energy SFE before and after mechanical treatment with a coated abrasive tool (P320 grit) including calculated standard deviation values. Table 3 also shows SFE components: polar SFE component and dispersion SFE component.
TEST RESULTS
The collated data show a distinct increase in mean value of surface free energy of 316L steel substrate following mechanical treatment with a coated abrasive tool (P320 grit) when compared to the SFE value before such treatment. The increase was approximately 20%. The dispersion SFE component remained on the same level while the polar SFE component more than doubled after mechanical treatment. The observed increase may have resulted from the removal of surface layer that was formed as a result of exposition to environmental factors (such layer may include oxide layers and adsorbed environmental componentscontamination). The SFE value was determined in order to verify whether the materials have been properly prepared for bonding. Figure 1 shows 3D maps of specimen surface before (Fig. a) and after (Fig. b) mechanical treatment with a coated abrasive tool (P320 grit).
The presented surface topography maps show typical marks on the surface of adherends typically left by abrasive tool. Table 4 collates selected 3D surface roughness parameters of 316 steel substrate before and after mechanical treatment with P320 grit coated abrasive tool.
The conducted tests and their results indicate that mechanical treatment has a beneficial effect on 3D surface roughness parameters after mechanical treatment, compared to the surface of untreated specimens. Figure 2 shows the surface of 316L magnified 500×. Figure 2a shows roughness the surface of samples before and mechanical treatment, which was cleaned and degreased with Loctite 7061 degreasing agent. Figure 2b shows the surface of substrates after mechanical treatment with a coated abrasive tool (P320 grit) with clearly visible marks, characteristic of the treatment method in question. Figure 3 shows mean values of shear stress in single-lap adhesive joints of 316L adherends, measured in tests after mechanical treatment and for different epoxy resin compositions. The specimens were subjected to cyclic thermal loading at a thermal gradient of 100 o . In Figures 3 and 4 standard deviation was the measure of scatter.
In joint specimens bonded with adhesive composition based on epoxy resin and cured with Z1 curing agent there was a drop in shear stress value in specimens after thermal shock compared with specimens not subjected to thermal shock. The highest decrease in the shear stress value was observed in the case of joints bonded with Epidian 5 epoxy, and mounted to approximately 50% of shear stress in joints before thermal shock, whereas in Epidian 6 epoxybased adhesive -17%. In epoxy-based adhesives cured with PAC curing agent (a relatively elastic adhesive), compared with specimens prior to thermal shock, no such relevant differences in adhesive strength of joints subjected to thermal shock were noted. Figure 4 shows mean values of shear stress in single-lap adhesive joints of 316L adherends, measured in tests after mechanical treatment and for different epoxy resin compositions.
Similarly as in samples not subjected to mechanical surface treatment, the highest recorded decrease in shear stress after thermal shock was observed in joints bonded with Epidian 5 with Z1 curing agent, where the difference amounted to 50% in comparison with specimens prior to thermal shock. In specimens formed with Epidian 6 with Z1 curing agent, the decrease was smaller -36%. PAC-cured epoxy adhesives did not show signs of impact of thermal shock on joint strength, as the noted results were comparable. 
CONCLUSIONS
The tests conducted in the presented study lead to the following conclusions:
1. Mechanical treatment of the surface of 316L steel with a P320 grit coated abrasive tool produces the increase of the surface free energy levels by approximately 22%, compared to surfaces prior to treatment. Furthermore, a marked increase, of more than 200%, in the polar component value of the SFE after mechanical treatment was noted.
2. The analysis of isometric images and selected surface roughness parameters indicates that mechanical treatment with coated abrasive tools shows high efficiency in developing the surface roughness.
3. The most significant decrease in the shear stress values following thermal shock was observed in 316L steel specimens bonded with Epidian 5 epoxy adhesive with Z1 curing agent, both prior to and after mechanical treatment; the shear stress in these joints amounted to approximately 50% of stress in joint specimens prior to thermal shock.
